I. INTRODUCTION ETEROJUNCTION bipolar transistors (HBT's) have
H been extensively studied during the past few years [I] , [2] . Several significant advantages over conventional homojunction bipolar transistors (BJT's) are apparent, such as higher emitter injection efficiency, reduced charge storage in the emitter, lower base transit time and higher Early voltage for devices with a graded bandgap in the base. An important figure of merit, especially for analog applications, namely common emitter current gain-Early voltage product ~V A of over 100 000 V has been reported for SiGe HBT which is much higher than that is usually achieved for conventional Si devices [3] , [4] . This figure of merit is enhanced due to two effects: an increase in the emitter injection efficiency and an increase in the Early voltage in a graded bandgap structure.
The other less often considered devices called pseudoheterojunction bipolar transistors, exploit the bandgap narrowing phenomena in the heavily doped base region to increase emitter injection efficiency at low temperatures. Even though base is doped higher than the emitter, the injection efficiency is greater than one since bandgap narrowing in the base increases the effective intrinsic carrier concentration niF compared to the intrinsic carrier concentration n; in the emitter. As temperature drops, !rt,,e,/r/,; becomes larger, resulting in a higher current gain in contrast to conventional BJT's which suffer from gain reduction at low temperatures [5] .
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Recombination across neutral base region degrades the characteristics of HBT's and pseudo-HBT's as well as some conventional BJT devices. Since the emitter injection efficiency is high in HBT's, recombination can severely reduce the common emitter current gain in such devices because of a parasitic component added to the base current due to neutral base recombination [6] . High base doping density as well as defects in the base which behave as recombination centers are the main causes of neutral base recombination in HBT's. Although SiGe HBT's without significant neutral base recombination have been fabricated [7] , [ 81. there are still technological problems in growing low defect LRP or MBE grown SiGe HBT's and AlGaAs and InP based HBT's [9] -[ 121. Polysilicon emitter approach which improves the emitter injection efficiency might not offer a significant advantage since recombination process inside the base is independent of the emitter injection efficiency.
In this paper we consider the effect of neutral base recombination on various device parameters using a simple analytical recombination model for a device with nonuniform energy gap and arbitrary doping profile in the base. The relations derived can be applied to BJT's, pseudo-HBT's, and HBT's as well. However, application of this model for HBT's with large bandgap variation across the base might lead to unacceptable errors. The derived relations offer significant insight into the effect of neutral base recombination on transistor characteristics.
THEORY
In order to construct our model, we shall consider a general transistor with a base with an arbitrary doping profile of N . A ( :~) and an arbitrary bandgap profile of Eg(,r). We call this transistor an HBT. however it can represent a pseudo-HBT or a conventional BJT as well. In this model, we use the notation for an NPN transistor, however, it can also be extended for PNP transistors.
To [31:
where tJpO is the thermal equilibrium hole current injected into the emitter; 71:~ is the effective intrinsic carrier density which reflects the variation of the bandgap inside the base due to the varying alloy composition as well as bandgap narrowing effect; c b c is the base collector junction capacitance and w is the effective base width. From the two last equations, the figure of merit current gain-Early voltage product can be determined to be:
which is independent of bandgap variation and doping profile across the base and depends on the effective intrinsic carrier density at the edge of the collector base depletion region inside the base.
The base delay time t b b may also be found, neglecting the recombination, as given by Kroemer [13] :
If the assumption of infinite transition velocity of carriers inside the collector-base depletion region is not valid, there will be a nonzero minority carrier concentration at the boundary which gives rise to an increased base delay time. This effect is more pronounced in very thin base region [14] . The emitter delay time t,, may be calculated by dividing the net charge accumulated in the emitter by the collector current. To simplify the calculations, let us assume a thin emitter region with a width of We and a constant emitter doping of N o . The emitter delay time will be
The quantity e, called effective base Gummel number, is an important parameter in determining the transistor characteristics. If the effective base Gummel number is small, the current gain /3 will be large and the emitter delay time t,, will be small, however the Early voltage will suffer (see (2) ). This reduction in V, can be compensated by increasing n,", (w) and Dn(w) which can be achieved by changing the alloy composition of the base material at the base-collector junction in order to have a smaller bandgap. The base delay time t b b is significantly affected by the presence of an accelerating field in neutral base region produced by either bandgap variation or doping profile.
In the presence of neutral base recombination, the continuity equation should be solved to find the electron distribution in the base. and N A almost cancel each other, resulting in a reasonable variation in lifetime across the base. For HBT's, however, the model may be unacceptable because in this case, (6) might not be an acceptable approximation across a thin base region. As a result, the parameter C, might vary significantly. Neverthelesk, in order to gain a reasonable understanding of recombination effects one may assume an average effect for C, and treat this as a constant and apply this lifetime model for HBT's as well. Considering a regional model and solving the minority carrier continuity equation in neutral base using (6), one obtains minority carrier concentration n( .r) inside the base:
where Ki(z) is defined as Electron current density inside the base can also be found to be where TL; is intrinsic carrier density inside the emitter. Again,
if the assumption of high surface recombination velocity at the emitter region will become larger which gives rise to a larger emitter delay time.
emitter contact is not valid, the net charge accumulated in the .Jn(x) = qC,e"BE"'
Having n ( x ) and Jn(.r), we are now able to find various transistor parameters. We can write base delay time t b b as (10) Early voltage calculated assuming a constant base current is (see Appendix for the derivation):
(1 1) I and the current gain P is (see Appendix for the derivation):
The emitter delay time ten,, assuming a narrow emitter with a constant doping profile, will be: q c s P = (13) It is important to notice that (10)-(13) will readily reduce to ( I ) , (2), (4), and (5) when K % number is small. That is for small C, which means that the recombination is negligible.
The figure of merit current gain-Early voltage product in the presence of recombination can be derived using (1 1) and (1 2):
The Ki number, which is a design parameter and appears 
APPLICATION I (PSEUDO-HBT)
The results obtained in the previous section can be applied to pseudo-HBT devices. Base doping concentration in pseudo-HBT's is usually higher than emitter doping concentration and hence these devices show a small common emitter current gain at room temperature. However, bandgap narrowing in the heavily doped base has pronounced effect at lower temperatures resulting in a considerably higher gain [5]. K for Silicon [20] . Variation of the effective intrinsic carrier density versus temperature, exploiting the SlotboomcleGraaff bandgap narrowing model [ 191, can be written as (see bottom of page) where CO = 1.686 x loA3 cm-'eVP3 for Silic6n [21] . Since we assume a uniform doping concentration across the base, the minority carrier lifetime is constant and instead of using C, as the recombination parameter, we can use minority carrier lifetime T,, .
Diffusion coefficients D,, and D, depend on actual doping concentration and operating temperature. Assuming Boltzmann statistics and the assumption that Einstein relation holds, we can represent diffusion coefficients in terms of electron and hole mobilities. We use analytical mobility model given in MEDICI simulation package [22] with all the default values for silicon to define the relation among diffusion coefficients and impurity concentrations and temperature. The current gain of the pseudo-HBT device versus the base doping concentration is depicted in Fig. 1 operating temperature using (12). For the room temperature, as the doping density increases the current gain decreases, however, due to the bandgap narrowing effect in the base, the drop in the current gain is not so sensitive to the base doping. Neutral base recombination causes an additional drop in the current gain. When we reduce the operating temperature to 150 K, the effect of bandgap narrowing in the base becomes more pronounced and in this case, current gain even increases as the base doping increases (Fig. l) , since p x e x p ( s ) where AG is the effective bandgap difference between the base and the emitter. As the base doping increases, A, becomes larger, resulting in an enhancement in the current gain. This enhancement, however, cannot be seen at room temperature since AG is small comparing to k T . Recombination in the neutral base region still causes a reduction in the gain.
Reducing the temperature to 77 Kelvin results in a significant enhancement in the current gain as shown in Fig.  2 . It is worth noting that the effect of recombination at low temperatures (e.g., 77 K) is more pronounced since the injection efficiency of the device is very high at these temperatures and the base current is dominated by the neutral base recombination. As can be seen, lifetimes of the order of nanoseconds can degrade the device performance at 77 K while lifetimes even as low as 100 ps do not affect the current gain of the device at room temperature much (Fig. 1) .
Shown in Fig. 3 is a comparison between the common emitter current gain of a pseudo-HBT and a conventional BJT. As the temperature decreases, the gain of the conventional device falls off while the gain of the pseudo-HBT device increases. Neutral base recombination causes a drop in the current gain and becomes more important in lower temperatures as shown in the figure.
Current gain of pseudo-HBT's is influenced by base doping concentration in two different aspects: in one aspect, it is inversely proportional to the base doping while in another aspect it is affected by the bandgap narrowing effect by a rather complicated function (see (12) and (16)). At high temperatures, the term inversely proportional to base doping is dominant while at lower temperatures, the term involving the bandgap narrowing effect is dominant, resulting in an increase in current gain as base doping concentration increases. The effect of bandgap narrowing becomes more apparent at higher temperatures if AG, the effective bandgap difference between the base and the emitter is higher.
IV. APPLICATION I1 (HBT)
Next, we apply our model to gain an understanding about the HBT's performance. We will consider a general case of linearly varying bandgap. The slope of the bandgap is considered to be a parameter while the average bandgap reduction may be considered as a constant [23] . To simplify the case even more, we assume that the impurity profile N A is also a constant across the base. The diffusion coefficient D, is also assumed to be a constant, however it may vary a little for the practical case [24] . (17)) when C, is a parameter (see (12)). As can be seen from the figure, the maximum gain is achieved when q is zero, that is when bandgap profile is uniform across the base. The reason is that K i ( w ) is dominated by the regions in the base where is small, i.e., Eg is large [ 3 ] . So, for the case where the slope is not zero, K i ( w ) will be larger than that of q = 0 and the current gain becomes smaller.
Note that when C, increases, i.e., recombination increases, the current gain /3 drops. Also shown in the figure are the results of MEDICI simulation for the same device operating at three different conditions: no recombination, rn = 4 ns and rn = 1 ns. The base collector junction capacitance C,,,is assumed to be 18 nFcm-2.
The Ki number calculated using (8) where the bandgap discontinuity at the collector base junction is larger than the bandgap discontinuity at the emitter base junction, 7&(w) becomes large, resulting in an increase in the Early voltage compared to the equivalent BJT. As C, increases (i.e., recombination increases), the Early voltage drops.
The reason for the drop in Early voltage is stated as follows: As V,, increases, the width of the collector base depletion region extending into the base region increases resulting in an increase in the slope of the minority carrier concentration profile inside the base and consequently an increase in collector current which is generally known as Early effect. In the presence of neutral base recombination.
with an increase in V,,, the neutral base width becomes thinner and therefore the recombination component of the base current becomes smaller. To keep the base current constanb, the injection component of the base current has to increase resulting in a further increase in the slope of the minority carrier concentration profile inside the base when compared to no recombination case. Therefore in the presence of neutral base recombination, the Early effect is more pronounced and the Early voltage decreases with an increase in the neutral base recombination.
The variation of base delay time t b b with respect to the bandgap slope q, where C, is a parameter, is depicted in Fig. 6 (see (10)). As can be seen from the figure, for positive bandgap slope, the delay time becomes less than that of equivalent BJT due to the accelerating field produced by the bandgap slope. As C, increases, the base delay time reduces since the net charge stored in the base is reduced by the recombination process.
Shown in Fig. 7 is the emitter delay time which may be minimized when the slope of the bandgap 71 is zero and recombination is negligible (see (13) ). As recombination increases, the collector current decreases for the same base time is negligible comparing to the base delay time. However, it may not be the case always, especially when the average bandgap discontinuity is small. In such a situation emitter delay time is comparable or even larger than base delay time and in the presence of significant neutral base recombination, the difference becomes much more.
The current gain-Early voltage product can also be shown to increase as the bandgap slope 7 becomes more positive and reduces dramatically when neutral base recombination increases (Fig. 8) .
V. SUMMARY
In this paper, the effect of neutral base recombination on various transistor parameters using an approximate lifetime model was presented and discussed. The model developed in this paper is applicable for a transistor having a nonuniform bandgap and an arbitrary doping profile inside the base provided the bandgap variation is not too great. In order to achieve a better performance using a linearly varying bandgap HBT, it was found that one may design for a slightly positive slope in bandgap in order to have high Early voltage, low transition times and a reasonably large common emitter current gain. Aiming to achieve an extremely high current gain might prove to be counterproductive in some situations since neutral base recombination can become comparable to injection component of base current and this leads to a dramatic decrease in current gain. The insights gained from this study will be useful to consider the current gain trade off for higher frequency of operation by increasing the base doping and similar consideration when neutral base recombination might be a factor to be considered. 
